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We investigate the electrohydrodynamics of an initially spherical droplet in a leaky dielectric
medium under the influence of an external AC electric field by conducting axisymmetric numerical
simulations using a charge-conservative volume-of-fluid based finite volume flow solver. The droplet
and the surrounding medium are assumed to have the same density and the same viscosity. The
experimental study of [29] reported that along the zero circulation line (i.e. when electrical con-
ductivity ratio, Kr is equal to the permittivity ratio, S), the mean deformation of a droplet in an
applied AC electric field, EAC(t) is equal to the steady state deformation in a DC field, EDC equals
to the root-mean-square of EAC(t). However, in two-dimensional simulations, it is observed that
the droplet deformation behaviours are similar under both AC and the equivalent DC electric fields
even for the values of (S,Kr) away from the zero circulation line. This motivates us to revisit this
problem by performing axisymmetric simulations. The main findings of our study are (i) for Kr 6= S,
the droplet deformation shows strikingly different behaviour in case of an AC and the equivalent
DC fields, (ii) unlike the previous numerical studies, the results obtained from our axisymmetric
simulations are consistent with the experimental investigation of [29], and (iii) the parametric study
conducted for a wide range of parameters reveals that in case of an AC electric field, the droplet
oscillates about a prolate shape; increasing the time period of the electric field (Tp) increases the
amplitude of shape oscillations; however, the time period of the oscillations is always observed to
be equal to Tp/2. Increasing S and Kr has a nonmonotonic effect on the degree of deformation of
the droplet, which is minimum for Kr = S. In contrast, for the equivalent DC electric field, for
Kr < S, the droplet deforms to a steady oblate shape after deforming to an early prolate shape, but
for Kr > S, the droplet continues to deforms monotonically and obtains a steady prolate shape.
I. INTRODUCTION
The electrohydrodynamics (EHD) of a liquid droplet suspended in another medium has been a subject of research
from several decades due to its relevance in industrial applications [2], microfuidics [11, 15, 19, 24], biological systems
[31] and natural phenomena such as electrification of rain, raindrops bursting in thunderstorms and electrification of
the atmosphere [16, 22, 33]. An extensive review of earlier work on EHD of a droplet can be found in [13].
The pioneering work of [29] provided a deformation-circulation map in the electrical conductivity ratio,
Kr(≡ K∗i /K∗o ) and the permittivity ratio, S(≡ ∗i /∗o) plane, which has been used to study EHD of a droplet under
the influence of alternating (AC) electric field (see e.g. [5]). Here, ∗i , K
∗
i and 
∗
o, K
∗
o are the dimensional electrical
permittivity and conductivity of the droplet and surrounding fluid, respectively. This map (shown in Fig. 1)
delineates three different regions classified in terms of droplet deformation and flow field. The regions are separated
by the so-called the zero-circulation line (S = Kr) along which the mean velocity field is zero and zero-deformation
curve (K2r + Kr + 1 − 3S = 0). In region I, the droplet deforms to a prolate (oblate) shape if 2pi/Tp > ωcr
(2pi/Tp < ωcr); for 2pi/Tp = ωcr the droplet remains spherical, such that ωcr = K
∗
o
√
3S − 1−Kr −Kr2/∗o|S − 1|
and Tp denotes the time period of the imposed AC electric field. In regions II and III, the droplet deforms to a
prolate shape with a flow from poles to the equator and equator to the poles, respectively.
In EHD, based on the time scales associated with the decay of free charge density, ρe around a droplet of radius
R (te = o/Ko; also known as the electric relaxation time) and the viscous time scale (tv = R
2/ν), the fluid can be
classified as perfect and leaky dielectric media [20]; ν being the kinematic viscosity. In a leaky dielectric medium,
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FIG. 1: The deformation-circulation map reported by [29] to study electrohydrodynamics of a droplet under an AC electric field.
The dashed and solid lines correspond to S = Kr (the zero-circulation line) and K
2
r +Kr + 1− 3S = 0 (the zero-deformation
curve). The red filled square symbols represent the values of S and Kr considered in our simulations.
te << tv, which implies that the charge accumulates at the interface almost instantaneously. In other words, in a
leaky dielectric medium, the charge conservation in the bulk fluid reaches to a steady state much faster than the fluid
motion. A medium with te >> tv is termed as perfect dielectric, in which ρe = 0. The present study deals with a
leaky dielectric medium.
The electrohydrodynamics of a droplet under the action of an applied direct current (DC) electric field have been
investigated by several researchers in the past considering perfect [6, 7, 21] and leaky dielectric media [15, 28].
[25] proposed an electrohydrodynamics theory to study small deformation of a neutrally buoyant droplet in a leaky
dielectric medium, which has been used by many authors to validate their numerical solvers. [28] demonstrated that
their coupled-level-set-volume-of-fluid (CLSVOF) method based EHD flow solver predicts the theoretically obtained
droplet deformation under an applied DC electric field in both perfect and leaky dielectric media. [6] investigated
droplet deformation in an applied DC electric field using an axisymmetric front tracking/finite volume method and
demonstrated that a droplet with net surface charge deforms into a prolate shape, and moves along the electric
field. Later, [8] proposed a charge-conservative scheme to solve EHD of interfacial flows using volume of fluid (VoF)
method for perfect and leaky dielectric media and validated their solver by comparing with the previous studies.
They also suggested a correction to the expression of droplet deformation presented in [6] which appears due to the
nondimensionalisation of the theoretical expression proposed by [25]. [23] developed a lattice Boltzmann method based
EHD solver to study the droplet deformation in a leaky dielectric medium. [35] analytically studied the dynamics of a
toroidal drop freely suspended in another fluid subjected to a uniform electric field. [4] investigated the deformation
and dynamics of a liquid drop under the application of a DC electric field in a leaky dielectric medium. The rise
dynamics of a bubble under the combined action of gravity and a uniform electric field applied in the vertical direction
was studied by [32]. They showed that electric field elongates and accelerates the motion of the bubble in the vertical
direction. In addition, several recent studies have been reported on EHD of droplets under DC field, employing
asymptotic, numerical and experimental approaches ([1, 9, 10, 12, 17, 19]; references therein). These studies despite
addressing some fundamental aspects of EHD of droplets, turn out to be inadequate in explaining the morpho-dynamic
evolution of droplets under alternating electric fields.
As discussed above, although a large number of investigations have focused on droplet deformation in DC electric
field, dynamics of a droplet under the action of AC electric field has received comparatively less attention [14, 27, 30].
Most relevant here is a recent study of [5], who investigated the EHD of a neutrally buoyant liquid droplet under
the application of an AC electric field by conducting two-dimensional simulations in a perfectly dielectric medium.
They found that the mean deformation of the droplet under the influence of an AC electric field can be represented
by the steady-state deformation in an equivalent DC electric field in a root-mean-square sense in all the regions
presented in Fig. 1. However, [29] reported that the mean deformation of a droplet in an AC electric field, EAC(t)
is the same as the steady state deformation in a DC electric field, EDC equals to the root-mean-square of EAC(t)
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FIG. 2: Schematic diagram (not to scale) of a droplet (fluid ‘i’) in another immiscible fluid (fluid ‘o’) under an AC electric field
(EAC) or DC electric field (EDC) applied in the axial direction.
only along the zero circulation line (i.e. along S = Kr line in Fig. 1). This motivates us to revisit this problem
by performing axisymmetric simulations in the present study. We found that axisymmetric simulations predict the
behaviour observed by [29]. A parametric study is also conducted by varying the time period of the applied AC electric
field, the permittivity and the electrical conductivity ratios. The droplet deformation and the flow field in case of an
AC electric field are compared with those obtained in the equivalent DC electric field. For the parameters considered
in the present study, the droplet becomes prolate (elongates in the direction of electric field) and oscillates about a
mean value of the degree of deformation (defined below) in an AC electric field. However, for high permittivity and
low electrical conductivity ratios, the droplet becomes oblate in case of a DC electric field. This behaviour is similar
to that observed in the experiments of [29].
The paper is organized as follows. The problem is formulated in Section II, wherein the governing equations,
numerical method and validation of the present solver are discussed in detail. The results are presented in Section III
and concluding remarks are given in Section IV.
II. FORMULATION
The dynamics of an initially spherical droplet of radius R inside another immiscible fluid under the influence of an
external electric field is investigated via axisymmetric numerical simulations. A schematic diagram of the configuration
considered in the present study is shown in Fig. 2. The droplet (fluid ‘i’) and the surrounding liquid (fluid ‘o’) are
assumed to be incompressible and Newtonian. In order to isolate the effect of electric field from other forces (such as
gravity) on the droplet dynamics, the fluids are also assumed to have the same density, ρ∗ and the same viscosity µ∗.
An axisymmetric cylindrical coordinate system (r, z) is used to model the flow dynamics. The droplet deformation is
investigated under the influence of an AC electric field, given by
EAC(t) ≡ ψAC(t)
H
=
ψ0
H
sin
(
2pit
Tp
)
. (1)
Here, t represents time; EAC(t), ψAC(t) and ψ0 are the dimensionless electric field, electric potential and its magnitude,
respectively.
The electric field is applied at the top wall at z = H by connecting to an AC power source and the bottom wall at
z = 0 is grounded. The droplet deformation in the presence of the AC electric field is compared against that observed
in an equivalent DC electric field (EDC) with its magnitude equal to the root-mean-squared (rms) magnitude of the
4AC electric field, such that
EDC =
ψDC
H
= lim
t→∞
√
1
2Tp
∫ Tp
−Tp
(
E0sin
(
2pit
Tp
))2
dt =
E0√
2
, (2)
wherein E0 = (ψ0/H) and ψDC is the electric potential of the equivalent DC field.
An axisymmetric computational domain of size (H × L) = (8R × 8R) is considered in the present study. Initially,
the centre of the droplet is kept at (0, 4R). The following boundary conditions are used. No-slip and no-penetration
conditions are imposed at the top and bottom boundaries at z = H, 0; free-slip boundary condition is applied at
r = L, and symmetry boundary condition is imposed at r = 0.
Under the influence of electric field the initially spherical droplet deforms to an ellipsoid shape with a and b as the
length and breadth of the droplet in the directions parallel and perpendicular to the applied electric field. Thus, the
degree of deformation, D can be defined as (a− b)/(a+ b), such that D > 0 and D < 0 correspond to a prolate and
an oblate shape, respectively; D = 0 represents a spherical droplet.
A. Governing equations
Under the influence of an electric field the droplet dynamics is governed by the continuity and the Navier-Stokes
equations with an additional body force term associated with the electric field (fe). In the dimensionless form the
governing equations are given by
∇ · u = 0, (3)
ρ
(
∂u
∂t
+ u · ∇u
)
= −∇p+ 1
Re
∇ · [µ(∇u+∇uT )]+ δ(r− rf )∇ · n
We
n+ fe, (4)
∇ · (∇ψ) = −χρe, (5)
E = −∇ψ. (6)
∂ρe
∂t
+∇ · (ρeu) = 1
χOc
∇ · (K∇ψ) , (7)
where, u = (u,w) denotes the velocity field; u and w represent the velocity components in the r and z directions,
respectively; p is pressure field; δ(r− rf ) is a delta function which is zero everywhere except at the interface, i.e. at
r = rf ; n is the unit normal to the interface pointing towards fluid ‘o’. The body force due to the applied electric field
is given by: fe = ∇·M = ρeE−E2∇/2χ;M being the Maxwell’s stress tensor,  represents the electric permittivity
and ρe is the volumetric charge density.
In addition to Eqs. (3) - (7), we solve the following advection equation for the volume fraction, c of fluid ‘i’ in order
to track the interface separating the droplet (c = 1) and outer fluid (c = 0):
∂c
∂t
+ u · ∇c = 0. (8)
The dimensionless permittivity and electrical conductivity are given by
 = (1− c) + cS, (9)
K = (1− c) + cKr. (10)
The governing equations have been non-dimensionalised using the initial radius of the droplet, R as the length
scale,
√
γ∗/ρ∗R as the velocity scale (Vs) and
√
γ∗/R∗0 as the characteristic electric field strength (Es) and the
material properties of the surrounding medium as the corresponding characteristics scales. The interfacial surface
tension is denoted by γ∗. The various dimensionless numbers appearing in Eqs. (3)-(10) are the Reynolds number
(Re(≡ ρ∗VsR/µ∗)), the electrical conductivity ratio (Kr(≡ K∗i /K∗o )), the permittivity ratio (S(≡ ∗i /∗o)), and the
dimensionless number associated with Ohmic charge conduction, Oc is Vs
∗
o/K
∗
oR. In addition to these dimensionless
numbers, there are two more dimensionless numbers, namely the Weber number (We(≡ ρV 2s R/γ∗)) and the electro-
gravitational number (χ(≡ ρ∗Vs2/∗oE2s )), which are equal to one due to the present choice of the scales.
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FIG. 3: The variations of Ds with (a) the applied DC electric field, EDC for Re = 3.64 and S = 5 (perfect dielectric medium),
and (b) the electrical conductivity ratio, Kr for Re = 0.746, Oc = 2.68, EDC = 0.428 and S = 10 (leaky dielectric medium).
B. Numerical method
A volume-of-fluid (VoF) method based on a finite volume framework is used to simulate the electrohydrodynamics
of a droplet in a conducting medium. An open source fluid flow solver, Basilisk [18] is used that employs a height-
function based balanced force continuum surface force (CSF) formulation for the computation of the surface tension
force. A charge-conservative approach is implemented by including the electric force into the Navier-Stokes equations
[8] considering both convection and conduction of the free charges. The numerical method used in the present study
is similar to that of [8], where several validation exercises were also performed for a leaky dielectric model.
In order to validate our flow solver, in Fig. 3(a) and (b), the deformations of the droplet under the application of a
DC electric field in perfect dielectric and leaky dielectric media have been compared against the previous results. In
all the cases, the system is assumed to be neutrally buoyant and the simulations are performed till the steady state
is reached. It can be seen in Fig. 3(a) that in case of the perfectly dielectric medium for Re = 3.64 and S = 5,
the droplet elongates from its initially spherical shape as the time progresses and eventually reaches to a steady
prolate ellipsoid shape. The degree of deformation at the steady state is denoted by Ds. With the increase in the DC
electric field strength (EDC), the steady degree of deformation, Ds increases, i.e. the droplet becomes more prolate.
We also see that the results obtained from the present simulations agree well with the previous theoretical [21] and
computational [6, 7] studies.
In Fig. 3(b), we compare the results obtained from the present solver in case of a leaky dielectric medium with
the previous computational [28] and theoretical [26] studies. The parameters considered are Re = 0.746, Oc = 2.68,
EDC = 0.428 and S = 10. [26] conducted a linearised asymptotic analysis by assuming both the fluids to be conducting
and highly viscous (low Re), and derived an expression for Ds, which is given by (in the dimensionless form)
Ds =
9
16
E0
2
(2 +Kr)2
[
1 +Kr
2 − 2S + 3
5
(Kr − S)2 + 3µr
1 + µr
]
, (11)
where µr is the ratio of viscosity of the droplet and the outer fluid, which is set to one in the present study. As in
[28], a square computational domain of dimensionless length equals to 20 is considered for this case only. Note that
the rest of the results presented in this study are generated using a computational domain of dimensionless length
equals to 8. The numerical simulations are performed for different values of Kr. It can be seen in Fig. 3(b) that the
droplet exhibits an oblate shape at low values of Kr, and upon increasing the value of Kr the droplet deforms to a
prolate shape via a spherical shape at an intermediate value of Kr. Moreover, the present simulations show excellent
agreement with the previous studies.
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FIG. 4: The temporal variations of D obtained using three different grids under an AC electric field with E0 = 0.5 (ψ0 = 4)
and Tp = 2. The remaining parameter values are Re = 1, Oc = 10, S = 10 and Kr = 2. The inset is a zoomed view showing
the oscillations of D at 10 ≤ t ≤ 13.
C. Grid convergence test
As the main focus of the present study is to investigate the droplet deformation dynamics under the influence of
an AC electric field, in Fig. 4, we have conducted a grid convergence test for a typical set of parameters under the
influence of an AC field. The parameters considered for these simulations are E0 = 0.5 (corresponds to ψ0 = 4) and
Tp = 2 with the remaining parameter values being Re = 1, Oc = 10, S = 10 and Kr = 2. The simulations are
performed using three meshes with cell sizes, ∆ = 0.016, 0.008 and 0.004. It can be seen that degree of deformation,
D undergoes an oscillatory variation in this case. Inspection of Fig. 4 reveals that we get acceptable grid-converged
results for ∆ ≤ 0.008, but the result obtained using ∆ = 0.016 under-predicts the degree of deformation of the droplet.
Thus, ∆ = 0.008 is used to generate the rest of the results presented in this study.
III. RESULTS AND DISCUSSION
We begin the presentation of our results by highlighting that the three-dimensional or the axisymmetric simulations
are qualitatively different from the two-dimensional ones as conducted by several researchers previously (see for
instance, [3, 5, 34]). [29] derived an expression for the degree of deformation, D for a droplet in an unbounded
axisymmetric domain in the creeping flow regime under the influence of an AC electric field (EAC(t) = E0cos (2pit/Tp)).
They reported that D can be expressed as a sum of mean (Dm) and oscillatory (Do) parts, i.e. D = Dm +Do. The
mean deformation (Dm) is found to be the same as the steady state deformation (Ds) in case of a DC electric field
with EDC = Erms,AC = E0/
√
2 (see Eq. (2)) under the condition that S = Kr (i.e. along the zero circulation line as
shown in Fig. 1). However, by performing two-dimensional simulations, [5] observed similar mean behaviour for the
deformation of the droplet under the influence of AC and DC electric fields even for the points away from the zero
circulation line. Hereafter, the mean deformation (Dm) in the AC field and the steady state deformation in the DC
field are represented by one symbol, Ds.
In Fig. 5(a), the comparison of temporal variations of D obtained from our two-dimensional simulations for a point
slightly away from the S = Kr line (S = 10 and Kr = 6; point 1 located in region II of Fig. 1) shows a good match
between the mean behaviour of the AC and DC electric fields. In order to check whether this is true in case of a more
realistic, axisymmetric simulation, the corresponding results for the AC and the equivalent DC cases are presented in
Fig. 5(b). It can be seen that the degree of deformations for the AC and DC cases differ significantly. This motivates
us to consider a point on the S = Kr line, and the results for such a point (S = 10 and Kr = 10; point 2 located in
the S = Kr line of Fig. 1) are shown in Fig. 5(c), which shows a very good agreement between the AC and DC cases.
Further, we investigated the variation of D for different values of Tp in case of a AC field with S = 10 and Kr = 10
and observed (not shown) that the mean behaviour to be the same under the influence of AC and DC electric fields.
It is to be noted here that although the theory developed by [29] corresponds to the creeping flow regime, it predicts
the behaviour well even for O(1) Reynolds numbers.
Next, in Fig. 6(a), we study effect of the time period (Tp) of the applied AC field with ψ0 = 4 on the deformation of
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FIG. 5: The temporal variations of D. (a) two-dimensional and (b) axisymmetric simulations for S = 10 and Kr = 6; the
values of potential in the AC and DC electric fields are ψ0 = 2.5 and ψDC = 2.5/
√
2, respectively. (c) Axisymmetric simulations
for S = 10 and Kr = 10; the values of potential in the AC and DC electric fields are ψ0 = 4 and ψDC = 4/
√
2, respectively.
Tp = pi is considered for all the AC cases. The remaining parameter values are Re = 2, Oc = 0.01, S = 10 and Kr = 6.
the droplet at point 3 (S = 10 and Kr = 2) in Fig. 1. Note that point 3 in Fig. 1 lies in region I; away from the zero
circulation (S = Kr) line. The remaining parameter values are Re = 1 and Oc = 10. It can be seen that an initially
spherical droplet undergoes periodic shape oscillations under the application of AC electric field. Increasing the value
of Tp increases the amplitude and time period of oscillations of the droplet. We observe that for low values of Tp, the
droplet deforms to a prolate shape (D > 0) and undergoes shape oscillations about a mean degree of deformation,
Ds (see Tp ≤ 10 in Fig. 6(a)). For a high value of Tp (see for instance, Tp = 50 in Fig. 6(a)), the droplet undergoes
periodic oscillations, but during the oscillations it deforms between a slight oblate shape to a large prolate shape. The
shape oscillations of the droplet becomes complex for high values of Tp (see Tp ≥ 10). Close inspection of Fig. 6(a)
also reveals that the time period of shape oscillations of the droplet is about Tp/2 as also observed in earlier studies
(e.g. [5]).
In Fig. 6(b), we investigate whether there exists an equivalent DC electric field, EDC whose steady degree of
deformation will be the same as the mean degree of deformation of the AC electric field. The electric potential of the
DC field (ψDC) is varied, such that ψDC equals to ψ0/2
√
2, ψ0/
√
2, ψ0 and
√
2ψ0. It can be seen that for all the values
of ψDC , keeping the rest of the parameters the same as Fig. 6(a), the degree of deformation of the droplet increases
to a maximum value (prolate shape) and subsequently decreases to reach to a steady oblate shape. Increasing the
value of ψDC increases the maximum value of D. As shown by [29], this result also proves that there is no similarity
between the dynamics of a droplet under AC and DC electric fields for S 6= Kr.
In order to understand the dynamics of the droplet under the action of AC (Tp = 2) and DC (ψDC = ψ0/
√
2) electric
fields, we present the pressure field with the velocity vectors at different times in Fig. 7(a) and (b), respectively. The
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FIG. 6: The temporal variations of D under the influence of an (a) AC electric field for ψ0 = 4 with different values of Tp, and
(b) DC electric field for different values of ψDC . The remaining parameter values are Re = 1, Oc = 10, S = 10 and Kr = 2.
The inset in panel (a) presents the zoomed view.
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FIG. 7: The pressure field with the velocity vectors at different times. (a) AC electric field with Tp = 2: t = 2 (left panel) and
t = 2.5 (right panel) and (b) DC electric field with ψDC = ψ0/
√
2: at t = 2 (left panel), t = 10 (middle panel) and t = 30
(right panel). The remaining parameter values are the same as Fig. 6.
remaining parameter values are the same as Fig. 6. In Fig. 7(a), t = 2 and t = 2.5 correspond to one peak and the
next trough of the oscillations observed in the AC field with Tp = 2. It can be seen that at t = 2 (when the droplet
reaches to a prolate shape), the pressure is high at poles and low at the equator of the droplet which results in a
flow from the high pressure region to the low pressure region. This in turn creates recirculation of opposite sign in
the outer fluid. At t = 2.5, the pressure is low at the poles as the droplet deforms to an oblate shape, and thereby
constituting a flow from the equator to poles of the droplet. This behaviour is found to be similar for other values of
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FIG. 8: The temporal variations of D for different values of S for Kr = 1. (a) AC electric field (E0 = 0.5, Tp = 2) and (b) DC
electric field (EDC = E0/
√
2). (c) The variation of steady mean degree of deformation, Ds of the droplet with S for the AC
and DC electric fields. The remaining parameter values are Re = 1 and Oc = 10.
Tp.
In case of the DC electric field with ψDC = ψ0/
√
2, we plot the pressure field and velocity vectors at t = 2, 10 and
30 in Fig. 7(b). It can be seen that at t = 2 (when the droplet is deforming towards its maximum prolate shape),
the pressure is high in the equatorial plane of the droplet, which increases with time (see at t = 10). This creates a
strong recirculating flow in the outer fluid. When the droplet deforms towards its final steady state (t = 30), four
symmetrically closed recirculating regions appear inside the droplet.
Then, we perform a parametric study by varying the permittivity ratio, S for Kr = 1 and the electrical conductivity
ratio, Kr for S = 10. The remaining parameters are Re = 1 and Oc = 10. In Fig. 8(a) and (b), the temporal variations
of D for different values of S for the AC electric field with E0 = 0.5 and Tp = 2, and the equivalent DC electric field
with EDC = E0/
√
2 are presented, respectively. Nine values of S are considered which are associated with points 4
(S = 0.1), 5 (S = 0.3), 6 (S = 5), 7 (S = 20), 8 (S = 100), 10 (S = 10), 14 (S = 0.5), 15 (S = 1.5) and 16 (S = 2.5)
in Fig. 1. It can be seen in Fig. 8(a) that under the action of AC electric field, the droplet becomes prolate (elongates
in the direction of electric field) and oscillates about a mean value of D for all values of S considered. For S = 0.1 and
0.3, the droplet slightly deforms and reaches to a prolate shape (with mean degree of deformation, Ds) with small
amplitude shape oscillations. The steady mean degree of deformation, Ds of the droplet shows a non-monotonic trend
with a minimum value for S = 1 for this set of parameters. Increasing the permittivity ratio further (i.e. S ≥ 1)
increases the value of Ds (see Fig. 8(c)). The amplitude of oscillations about the mean value of D also increases with
increasing S. However, the time period of oscillations is constant for all values of S, which is found to be half of the
time period of the applied electric field, Tp.
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FIG. 9: The temporal variations of D for different values of Kr for S = 10. (a) AC electric field (E0 = 0.5, Tp = 2) and (b)
DC electric field (EDC = E0/
√
2). (c) The variation of steady mean degree of deformation, Ds of the droplet with Kr for the
AC and DC electric fields. The remaining parameter values are Re = 1 and Oc = 10.
The dynamics of the droplet under the application of the equivalent DC electric field with EDC = E0/
√
2 is very
different from that observed in the AC field as shown in Fig. 8(b). In this case, for low values of S (see the results
for S = 0.1 and 0.3, at points 4 and 5 in Fig. 1), the droplet deforms to a steady prolate shape; however, the value
of Ds decreases with increasing the value of S. Note that points 4 and 5 lies in region III. For points in region I, i.e.
for S = 5, 20 and 100 in Fig. 8(b), it can be seen that the droplet initially deforms to a prolate shape (elongation)
reaches to a maximum value, followed by a contraction in the direction of electric field and eventually reaches to a
steady oblate shape (see Fig. 8(c)). The time taken by the droplet to reach to its maximum prolate and the final
steady state increases with increasing the value of S.
The temporal variations of D for Kr = 0.1 (point 9), 10 (point 2), 100 (point 11), 200 (point 12) and 500 (point
13) under the action of the AC electric field with E0 = 0.5 and Tp = 2 are presented in Fig. 9(a). For the range of Kr
values considered, the droplet deforms to a prolate shape and exhibits a periodic oscillations with time period half
of that of the applied electric field. It can be observed that below the S = Kr (the zero-circulation line) in Fig. 1,
increasing Kr has a negligible effect on the deformation dynamics of the droplet for the set of parameters considered in
the present study. Above S = Kr line, increasing Kr increases the steady/mean degree of deformation of the droplet,
Ds (see Fig. 9(c)). The amplitude of oscillations about the mean value of D; however with a constant time period, is
found to be increased with the increase in the value of Kr. On the other hand, under the action of an equivalent DC
electric field (EDC = E0/
√
2), it can be seen in Fig. 9(b) that in region I of Fig. 1, the droplet deforms to a steady
oblate shape after deforming to an early prolate shape (see the results for Kr = 0.1 (point 9) and Kr = 1 (point 10)).
Above the zero-deformation curve, the droplet deforms as the time progresses and reaches a steady prolate shape (see
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the results of Kr = 6 (point 1), Kr = 10 (point 2) and Kr = 100 (point 11)). Close inspection of Fig. 9(b) also reveals
that for Kr < S, the droplet always reaches to an intermediate prolate shape, followed by a decrease in the degree of
deformation, and finally the droplet obtains its final steady shape. The time scale for the charge relaxation from the
outer fluid to the interface is given by τ = /K. Thus, the ratio of charge relaxation times of the inner fluid to outer
fluid is S/Kr. For S > Kr, the free charges in the inner fluid take longer time to relax to the interface as compared to
the free charges in the outer fluid. This causes an initial motion of the charges towards the pole of the droplet, thus
the droplet becomes prolate, initially. Subsequently, as the charges relax in the inner fluid, the steady state charge
distribution governs the final shape of the droplet. It can be observed in Figs. 8(c) and 9(c) that the values of Ds are
same in the AC and DC electric fields when Kr = S, as observed by [29]. They also experimentally observed that for
high permittivity and low electrical conductivity ratios, the droplet eventually obtains a prolate shape and an oblate
shape under the application of AC and equivalent DC electric fields, respectively.
IV. CONCLUDING REMARKS
The electrohydrodynamics of an initially spherical droplet in a leaky dielectric medium under the influence of an
external AC electric field is investigated via axisymmetric numerical simulations. In order to isolate the effect of
electric field, the system is considered to be neutrally buoyant and the dynamic viscosity of the droplet and the
surrounding medium are assumed to be the same. A charge-conservative volume-of-fluid (VoF) based finite volume
flow solver, Basilisk [18] is used. The implementation of the electrohydrodynamics in the present study is similar to
that of [8]. The present solver has been extensively validated against the previous theoretical [26] and computational
studies for both perfect [6, 7, 21] and leaky dielectric media [28]. A grid convergence test is also conducted to obtain
an optimal grid to be used in the present study. We compare the results obtained under the action of an AC electric
field with the corresponding results of an equivalent DC electric field.
The present study is motivated from the fact that there is discrepancy between the experimental results of [29] and
the previous two-dimensional simulations. [29] reported that along the zero circulation line (i.e. S = Kr line), the
mean deformation of a droplet in an AC electric field is the same as the steady state deformation in a DC electric
field with a field strength equal to the root-mean-square value of the AC electric field strength. However, in two-
dimensional simulations, it is observed that the mean behaviours for the droplet deformation under the influence of
AC and DC electric fields are same even for the points away from the zero circulation line (S = Kr) shown in Fig. 1.
The main contributions from the present study are in three-fold. (i) The droplet deformation dynamics in case of
an AC electric field is found to be strikingly different from that observed in case of an equivalent DC field for Kr 6= S.
(ii) The results obtained from our axisymmetric simulations are consistent with the experimental investigation of [29],
thereby indicating that two-dimensional simulations do not predict the actual behaviour of the droplet deformation.
(iii) A parametric study is conducted by varying the time period of the applied AC electric field, Tp, the permittivity
ratio, S and the electrical conductivity ratio, Kr. Sixteen pairs of Kr and S values are considered. The droplet
deformation and the flow field associated with the AC electric field for each pair of Kr and S are compared with
those obtained with the equivalent DC electric field. Our study reveals that in case of an AC electric field, the
droplet oscillates about a prolate shape, whose amplitude of oscillations increases with the increase in the value of
Tp. However, the time period of these oscillations is always observed to be equal to Tp/2; i.e. the dynamics in this
case is subharmonic. Increasing the value of S and Kr has a nonmonotonic effect on the degree of deformation of
the droplet exhibiting a minimum at Kr = S. In contrast to the dynamics observed in an AC field, in case of the
equivalent DC electric field, for Kr < S, the droplet deforms to a steady oblate shape after deforming to an early
prolate shape, but for Kr > S, the droplet continues to deforms monotonically and obtains a steady prolate shape.
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